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We have studied the coupling of the two polarization modes of a polymer microlaser by pumping its gain
medium with two mutually delayed orthogonally polarized femtosecond pump pulses, that have a variable
interpulse delay. Because the dominant anisotropy in the laser is induced by the pump and the various time
scales associated with this setup are well separated, insight into the dynamics of the system is obtained by this
method. Both time-resolved and time-integrated measurements of the output of the microlaser demonstrate
strong cross-coupling and memory effects between the polarization modes. These can be assigned to the
interplay between the optical fields in the cavity and the inversion. The most remarkable result is that the
dominant output polarization switches direction when the interpulse delay is varied. Using a simple model,
both for the polarization properties of the polymer and for the polymer laser, we discuss the underlying physics
of the polarization cross-coupling. An attractive aspect of our gain material, i.e., a light-emitting polymer in
solution, is that it has a very long memory for the polarization anisotropy induced by the pump; such a material
therefore provides a transparant model system.
DOI: 10.1103/PhysRevA.65.053821 PACS number~s!: 42.55.Sa, 42.65.Re, 42.70.JkI. INTRODUCTION
The polarization state of the output of a laser is a subject
of recurrent interest; it has been studied for almost all types
of lasers, from HeNe lasers in the early days @1–3# to
vertical-cavity surface-emitting lasers ~VCSELs! @4,5#, ~mul-
timode! fiber lasers @6,7#, etc. in the present day. A large part
of this work has been concerned with the polarization behav-
ior of continuous-wave ~CW!-operating lasers. Recently,
however, with the advent of, e.g., passively Q-switched
single-mode microchip lasers, the pulsed regime has at-
tracted considerable attention as well @8#.
It is well known that dispersive ~birefringent! and gain/
loss ~dichroic! anisotropies play an important role in deter-
mining the polarization state of the light emitted by the laser;
these anisotropies can have both linear and nonlinear char-
acters. The richness of this field, and thus the recurrent in-
terest, stems from the fact that the effective anisotropy of the
laser as a whole is determined by such factors as the laser
material itself, the cavity surrounding it, the pumping pro-
cess, and the time scales associated with these factors. Con-
sequently, for each new laser material or laser configuration
this question has to be addressed.
Complexities arise as the various anisotropies may have
different principal axes, or have different ellipticity ~linear
versus circular dichroism and/or birefringence!. Neverthe-
less, most lasers can be made to oscillate in a state of stable
polarization by making one anisotropy much larger than all
others. For example, in a cavity with Brewster-angled inter-
faces the loss is so strongly anisotropic that the laser will
emit linearly polarized light, even in the presence of addi-
tional anisotropies @9#.
An interesting case is that where the dominant anisotropy
is introduced via the pumping process; this is the case in dye
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polarized output of another laser @10#. Here the anisotropy
arises because the field of the pump laser selectively interacts
with those dye molecules whose transition dipole is more or
less aligned with the polarization vector of the pump-laser
field. The effective anisotropy can be large or small, depend-
ing on the fact whether the anisotropy decays rapidly ~in
solvents of low viscosity!, slowly ~in viscous solvents! or not
at all ~in solid matrices! @11#. In optically pumped VCSELs a
similar situation arises; a gain anisotropy can be introduced
in that system by pumping with circularly polarized light.
The decay of this gain anisotropy is, however, so fast @12#
that it usually does not play an important role when the laser
is operated in the CW regime. Only when the laser is driven
by femtosecond pump pulses this anisotropy can be made to
express itself @13,14#.
In recent years lasers with light-emitting polymers as gain
medium have attracted considerable attention @15–18#. This
new type of gain medium can be applied both as a thin solid
film @19,20# and in solution @21–23#. Light-emitting poly-
mers in solution show many similarities with standard laser
dyes @16,18,21,22#. For instance, when the polymer solution
is pumped with linearly polarized light an anisotropy in the
optical gain is induced, just as in a laser dye. Actually, this
gain anisotropy persists for a very long time, much longer
than for a laser dye that is dissolved in a solution with com-
parable viscosity @24#. The long memory for the pump polar-
ization is directly related to the long reorientation time
(.1 ns! of the extended polymer chains. Just like a dye laser
the emitted polarization of the polymer laser will, therefore,
be parallel to that of the pump light, if no polarizing ele-
ments are present in the cavity. Since the reorientation time
exceeds the spontaneous lifetime of the polymer @24#, the
polymer chains can be considered fixed in space on the time
scale of many experiments. A solution of light-emitting poly-
mers, therefore, forms a perfect model system for polariza-
tion experiments.©2002 The American Physical Society21-1
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by exciting the gain medium with two mutually delayed, or-
thogonally polarized femtosecond pulses. The double-pulse
excitation leads to surprising polarization cross-coupling ef-
fects in the microlaser. These effects come to light because of
the ordering of the important time scales associated with us-
ing a femtosecond pump, a microcavity laser, and a gain
medium for which the relaxation of the pump-induced an-
isotropy is negligibly slow. By varying the delay between the
two pump pulses, insight into the interplay between the two
signal fields and the inversion in the microlaser is obtained.
The paper is organized as follows; in Sec. II the experi-
mental setup is discussed, followed by the results of real-
time measurements on the output of the polymer laser upon
double-pulse excitation ~Sec. III!. A measurement of the
time-integrated output in each polarization state as a function
of the interpulse delay is briefly discussed. Subsequently, a
model for the polymer laser is developed in which the in-
duced anisotropies in the angular distribution of the gain are
explicitly taken into account ~Sec. IV!. The real-time output
and the effective optical gain that is associated with the in-
dividual polarization components, are calculated numerically
for various values of the interpulse delay. These results pro-
vide insight into the coupling between the polarization
modes in the microcavity laser. The underlying physics of
the polarization cross-coupling is discussed in Sec. V. In Sec.
VI the time-integrated output of both polarization compo-
nents as a function of the interpulse delay is discussed more
thoroughly. We show that the time-integrated data provide
information on the duration of the pulse that is emitted by the
microlaser. Both simulations and experimental results are
presented for various pump energies, showing a strong de-
pendence of the cross-coupling on the pump strength.
II. EXPERIMENTAL SETUP
To explore the polarization properties and the dynamics in
the polymer microlaser, we pump its gain medium with two
temporally separated, orthogonally polarized, ultrashort
pulses. The microcavity consists of two flat dielectric mir-
rors, separated by a 17-mm-thin spacer. The mirrors are
highly reflective for l5510–550 nm(R.99%) and nonre-
flective around the pump wavelength of 400 nm (T.85%).
The volume between the mirrors is filled with a chloroben-
zene solution ~refractive index h51.523) of a copolymer of
two alkoxy-substituted 2-phenyl poly-(p-phenylene-
vinylene!s @25#, at a concentration of 2 g/l. The polymer
absorbs in the blue, while it emits in the green spectral re-
gion. The emission and absorption spectra and the repeat
units are shown in Fig. 1.
The polymer laser is pumped longitudinally with 130-fs
pulses at l5400 nm at a repetition rate of 10 Hz. The pump
pulses are generated by a Ti:sapphire regenerative amplifier
system ~Spectra Physics, Spitfire!, seeded by a Ti:sapphire
oscillator ~Kapteyn-Murnane laboratories!. The 800-nm out-
put of the Ti:sapphire laser system is frequency doubled in a
0.5-mm-thick b-barium borate crystal. The resulting near
UV beam is split into two orthogonally polarized beams by
the use of a half-wave plate and a polarizing beam splitter05382~see Fig. 2!. The horizontally polarized pump pulse passes
through a variable delay line, after which the paths of both
pulses are recombined on a second polarizer. This pump
beam is then brought to a focus in the laser cavity, resulting
in an excitation spot with a diameter of about 10 mm. The
two polarization components of the microlaser’s output are
separated by a polarizer. In part of the experiments the hori-
zontal polarization output is recorded by a streak camera
~Hamamatsu, C1587!, allowing us to perform measurements
in the time domain with a temporal resolution of ’10 ps. In
other experiments both polarization components of the out-
put are recorded by slow photodiodes and integrated in sepa-
rate gated integrators.
III. EXPERIMENTAL RESULTS
A. Characteristics of the polymer microlaser
First, we present some characteristics of the microlaser as
it is pumped by just a single femtosecond pulse. In Fig. 3 its
input-output curve is presented, displaying a clear threshold
FIG. 1. Absorption ~dashed line! and emission ~solid line! spec-
tra of the light-emitting copolymer dissolved in chlorobenzene. The
two repeat units of the copolymer are shown above the spectra.
FIG. 2. Schematic of the experimental setup. A pump pulse is
split into two pulses with mutually orthogonal polarizations ~indi-
cated by l and d). The delay between the two pulses is controlled
by the variable delay line. The polarization components of the light
that is emitted by the microcavity laser are separated on a polarizing
beam splitter and, after spectral filtering ~not shown!, sent to indi-
vidual detectors.1-2
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laser is linearly polarized, parallel to the polarization of the
pump. As expected from the cylindrical symmetry of the
laser, a very similar input-output curve is obtained when the
laser is pumped with the excitation beam having the orthogo-
nal polarization.
In Fig. 4 the spectrum of the light emitted by the polymer
laser is shown when the laser operates far below @Fig. 4~a!#
and far above @Fig. 4~b!# threshold, respectively. The below-
threshold spectrum nicely shows the longitudinal-mode spac-
ing, as imposed by the cavity length and the refractive index
of the polymer solution. Above threshold only a few modes
contribute to the laser emission of the cavity. In both spectra
the width of the peaks is determined by the resolution of our
spectrometer.
B. Experiments in the time domain
The results of our time-domain experiments on the output
of the laser are presented in Fig. 5, for various values of the
interpulse delay. The laser is pumped at about 1.6 times
the threshold energy ~i.e., the normalized pump parameter
FIG. 3. Input-output curve of the polymer microlasers measured
under single pulse excitation.
FIG. 4. Emission spectra of the polymer microlaser for excita-
tion below ~a! and far above ~b! threshold, respectively.05382r51.6). Only the horizontally polarized output component
has been detected and is displayed. The experimental curves
are presented in such a way that the vertically polarized
pump pulse arrives at t50. In curve a the horizontally po-
larized pump pulse arrives much earlier (’180 ps) than its
vertically polarized companion. The curve shows how a
single pulse appears ~duration ’30 ps, buildup time
’40 ps) shortly after the horizontally polarized pump pulse,
while no noticeable ~horizontally polarized! output is gener-
ated after the vertically polarized pump pulse. That pump
pulse generates a vertically polarized output pulse that is not
detected in our setup. In short, we observe a single pulse in
the horizontally polarized output channel upon excitation by
two time-separated, orthogonally polarized pump pulses. It
demonstrates that, for each pulse, the output polarization is
completely determined by the polarization of the associated
pump pulse.
The result shown in curve a of Fig. 5 represents the re-
sponse to the first pump pulse with the second pump pulse
appearing at a time when the output of the first output pulse
is completely over. It thus shows the system response to a
single isolated pump pulse and, therefore, serves as a refer-
ence for further measurements.
The situation is different when the interpulse delay is
short, or if the order of the pump pulses is interchanged. For
instance, curve b shows the output pulse for the case that the
horizontal pump pulse is still first, but the interpulse delay is
short ~43 ps!. When comparing this output pulse with that of
curve a one sees that the horizontally polarized output of the
laser is strongly enhanced; evidently, it profits from the sec-
ond ~vertically polarized! pump pulse. Curve c shows the
situation in which the horizontally polarized pump pulse ar-
rives somewhat after (’24 ps) the vertically polarized
FIG. 5. Results of time-domain measurements of the horizon-
tally polarized output of the polymer microlaser for several delay
values between the horizontally and vertically polarized pumps. The
vertically polarized pump pulse always arrives at t50. The arrows
indicate the time at which the horizontally polarized pump pulse
arrives. The pump energy is approximately 1.6 times the threshold
value. All curves are drawn on the same scale but have been given
an offset for clarity of presentation.1-3
van den BERG, SAUTENKOV, ’t HOOFT, AND ELIEL PHYSICAL REVIEW A 65 053821pump. This case appears to be unfavorable for the horizontal
output; it is slightly reduced compared to the reference pulse
of curve a. When the horizontally polarized pump pulse
comes considerably later than the vertically polarized pump,
as in curve d, the horizontally polarized output is again en-
hanced.
The results shown here indicate that the two polarization
modes of the laser are coupled and that their coupling de-
pends strongly on the order and delay of the two pump
pulses. When comparing the various curves of Fig. 5, one
notices an appreciable lack of symmetry relative to zero de-
lay. For instance, for long interpulse delay @curves a and d#,
the horizontally polarized output is enhanced if the last pump
pulse is horizontally polarized. In contrast, for short inter-
pulse delay as in curves b and c, the horizontally polarized
output is enhanced when the first pump pulse is horizontally
polarized. This nontrivial correlation between the order of
the pump pulses and the laser output suggests that memory
effects are important.
C. Time-integrated data
In all cases discussed above we have measured the hori-
zontally polarized output. For reasons of symmetry, the ver-
tically polarized output shows very similar behavior. This
implies that, independent of which input polarization comes
first, for short interpulse delay the output polarization corre-
sponding to the first pump pulse exceeds the output compo-
nent parallel to the second pump pulse. On the contrary, for
long interpulse delay the output component corresponding to
the second pump pulse exceeds the output component corre-
sponding to the first pump pulse. Consequently, at some in-
terpulse delay, henceforth called the switch point, the output
in the two polarization channels must be equal. We have
explored this switch by measuring the time-integrated output
for both polarizations as a function of the interpulse delay.
The results are displayed in Fig. 6, showing the values of the
time-integrated vertically ~dashed line! and horizontally
~solid line! polarized outputs of the microlaser for r51.6.
FIG. 6. Time-integrated values for the horizontally ~solid line!
and vertically ~dashed line! polarized outputs of the polymer micro-
laser, measured as a function of interpulse delay. The laser is
pumped approximately 1.6 times above threshold.05382For negative values of the interpulse delay the vertically po-
larized pump pulse excites the gain medium first, while for a
positive interpulse delay the horizontal polarization comes
first. Because of the symmetry around zero delay the curves
are mirror images of each other with respect to Dt50.
The time-integrated curves show the same overall behav-
ior as the time-domain measurements. Indeed, one sees that
the dominant output polarization of the laser switches when
the interpulse delay is scanned. For this pump value the
switch points lie at an interpulse delay of Dt’660 ps.
IV. MODEL DESCRIPTION
In this section we will develop a simple and effective
model to describe the polarization and dynamics of the indi-
vidual output pulses of our polymer laser. It is based on a
combination of a specific model for the light-emitting poly-
mer and a rate-equation description. The latter describes the
evolution of the number of photons with horizontal and ver-
tical polarizations, and that of the anisotropic inversion of
the gain medium. The large difference between the duration
of the pump pulse, the cavity decay time, the spontaneous-
emission lifetime and the dipolar-orientation relaxation time
makes it possible to apply such a simple model.
A. Polymer
To describe the polarization properties of the polymer la-
ser we view the polymer as an ensemble of dipoles that are
fixed to the backbone of the polymer. Because of the random
orientation of these backbones, we model our polymer solu-
tion as an ensemble of randomly oriented dipole absorbers/
emitters. For simplicity we will assume that the absorption
and emission dipoles are parallel.
Absorption of linearly polarized pump light creates an
anisotropic distribution of dipoles in the excited state since
the probability of absorption is given by Pabs5umW EW pumpu2.
Here mW is the electric dipole moment associated with a rel-
evant unit of the polymer, and EW pump represents the pump
field. Our pump is sufficiently weak that we may assume that
the absorption does not get saturated and that the ground
state remains isotropic. One can easily show that e.g., for, a
horizontally polarized pump pulse, the initial distribution of
dipoles in the excited state, projected onto the polarization
plane of the pump light ~which is the transverse plane of the
cavity in our case!, is described by N(u ,0)52N0cos2u,
where N0 represents the effective number of excited dipoles.
The angle u is defined with respect to the horizontal axis.
The orientational relaxation time of our dissolved poly-
mer has been measured to be of the order of a few nanosec-
onds @24#, much larger than the time scale of the present
experiment. We can, therefore, safely assume that the ini-
tially created anisotropy in the excited state does not relax
during the experiment. In this respect the polymer in solution
behaves very similar to laser dye molecules in polymer ma-
trices @26# or rare-earth ions in amorphous hosts, such as
glass @27#. The probability of emission of a linearly polarized
photon into a mode of the laser cavity is given by Pem
5umW EW signalu25m2Esignal2 cos2u, with EW signal , the generated1-4
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intensity of the fluorescence polarized parallel to the pump
polarization exceeds that of the fluorescence with orthogonal
polarization by a factor of 3 @28#.
B. Rate equations
In accord with many other authors @15,16,18#, we model
our polymer laser as a homogeneously broadened, ideal four-
level system @29#. Since the gain medium fills the cavity
completely, we assume that the gains and losses are homo-
geneously distributed along the length of the cavity. In order
to model the polarization properties of the microcavity, we
take into account the angular distribution of excited dipoles,
projected on the polarization plane of the pump radiation. We
separately consider the horizontal and vertical polarization
components of the signal field. The evolution of the inver-
sion N(u ,t) and the horizontally and vertically polarized
photon numbers @nh(t) and nv(t), respectively# are described
by the following rate equations:
]N~u ,t !
]t
52gN~u ,t !2gbN~u ,t !@nh~ t !cos2~u!
1nv~ t !sin2~u!# ,
dnh~ t !
dt 5E0
2p
$gbN~u ,t !@nh~ t !11#cos2~u!%du2gcnh~ t !,
dnv~ t !
dt 5E0
2p
$gbN~u ,t !@nv~ t !11#sin2~u!%du2gcnv~ t !.
~1!
Here g is the spontaneous-emission rate, gc the cavity
decay rate, and b denotes the fraction of spontaneous pho-
tons emitted into the lasing mode. The equations are very
similar to those presented in Refs. @30# and @31#. Note that
Eq. ~1! does not contain the usual pump term. In our experi-
ment the pump pulse is so short (’130 fs) compared to the
other time scales that the polymer laser operates in the gain-
switched regime @29#. The effect of the pump pulse is well
represented by setting the value of the orientational distribu-
tion of the inversion N(u ,0) at t50. The effect of the second
orthogonally polarized pump pulse is taken into account by
suddenly increasing the inversion N(u ,Dt) remaining at
time Dt to the value N8(u ,Dt)5N(u ,Dt)1N(u1p/2,0).
For the discussion below it is insightful to introduce ef-
fective gain functions for the two polarization directions:
K~ t !5E
0
2p
N~u ,t !cos2~u!du , ~2!
M ~ t !5E
0
2p
N~u ,t !sin2~u!du . ~3!
Obviously, these effective gain functions are not independent
since any change of N(u ,t), will affect both K(t) and M (t).
The rate equations then take the form05382]N~u ,t !
]t
52gN~u ,t !2gbN~u ,t !@nh~ t !cos2~u!
1nv~ t !sin2~u!# ,
dnh~ t !
dt 5gb@nh~ t !11#K~ t !2gcnh~ t !, ~4!
dnv~ t !
dt 5gb@nv~ t !11#M ~ t !2gcnv~ t !.
The equations are solved numerically, using an Euler-type
method in which the differentials dt and du are approxi-
mated by finite steps.
C. Numerical results
We will present numerical results for the case that the first
pump pulse is horizontally polarized and arrives at t50. The
resulting angular distribution of the inversion at t50 is given
by N(u ,0)52N0cos2(u). Subsequently, this dipole distribu-
tion gets modified by spontaneous and stimulated-emission
processes giving rise to an output pulse with a polarization
parallel to that of the pump. At time Dt , the equally strong
vertically polarized pump pulse arrives, adding a contribu-
tion of 2N0sin2(u) to the inversion N(u ,Dt), which was left
at that time.
In all our calculations we use the following values for the
numerical coefficients: g2150.86 ns,gc
2152.8 ps, and b
5431025. The spontaneous-emission rate g has been mea-
sured directly, the cavity decay rate gc is estimated from the
round-trip time of the cavity and the finesse; the latter is
measured to be F’100. The value for the coefficient b is
based on the cavity volume and the spectral width of the
photoluminescence spectrum @32#.
Figure 7~a! shows the output in both polarization modes
when the interpulse delay is long ~150 ps!. Here the laser, as
pumped by a single pump pulse, operates 1.6 times above
threshold. The pump pulse that arrives at t50, generates an
output pulse with a buildup time of ’50 ps ~peak A1) and a
polarization direction parallel to that of the pump. Just as
curve a of Fig. 5 this output pulse is the result of excitation
by a single pump pulse; it, therefore, serves as a reference.
The second, much delayed, orthogonally polarized pump
pulse leads to a second output pulse ~peak A2), that is more
powerful than the first pulse and is polarized parallel to its
own pump pulse. Figure 7~b! shows, for this case of long
interpulse delay, the evolution of the effective gain functions
K(t) ~solid line! and M (t) ~dashed line!, for the horizontally
and vertically polarized signal fields, respectively. Note that
K(0):M (0)53:1, as follows from the dipole model. Due to
the second pump pulse the gain functions are boosted ~with
the ratio 1:3! at t5150 ps. Since some inversion is still
present at that time, the gain functions reach values higher
than those at t50.
Figure 8~a! shows the output in both polarization modes
for short interpulse delay ~50 ps!. In this case the optical field
in the cavity, being the result of the first pump pulse, is close
to its peak value when the second pump pulse arrives. Now1-5
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the reference value, while the orthogonally polarized second
pulse ~peak B2) experiencing an increased buildup time, is
suppressed. Figure 8~b! shows that in this case the gain func-
tions are boosted just at the time when stimulated emission
starts to deplete them.
In conclusion, the numerical results show, just like the
experiment, the existence of two regimes of interpulse delay.
FIG. 7. Numerical simulation of the real-time horizontally ~solid
line! and vertically ~dashed line! polarized outputs of the laser for
an interpulse delay of 150 ps ~a!. The horizontally polarized pump
pulse arrives at t50. The moment of excitation by the second,
vertically polarized pulse is indicated. ~b! shows the gain functions
K(t) ~solid! and M (t) ~dashed! corresponding to the effective gain
along the horizontal and vertical axes, respectively. The laser is
pumped 1.6 times above threshold.
FIG. 8. Results of the numerical simulation of the horizontally
~solid line! and vertically ~dashed line! polarized outputs of the
laser for an interpulse delay of 50 ps ~a!. The horizontally polarized
pump pulse arrives at t50. The moment of excitation by the sec-
ond, vertically polarized pulse is indicated. ~b! shows the gain func-
tions K(t) ~solid! and M (t) ~dashed!, corresponding to the effective
gain for the horizontal and vertical polarizations, respectively. The
laser is pumped 1.6 times above threshold.05382Long delays give rise to an enhanced second pulse, relative
to the first pulse, while short delays generate a reduced sec-
ond pulse.
V. DISCUSSION
The numerical results of Figs. 7 and 8 are in excellent
agreement with the measurements shown in Fig. 5. Figure 7,
representing the results for long interpulse delay, shows the
output with polarization parallel to the first pump pulse ~peak
A1) and that with polarization parallel to the second pump
pulse ~peak A2). Peaks A1 and A2 thus correspond to curves
a and d of Fig. 5, respectively. In the short delay regime ~Fig.
8!, peaks B1 and B2 represent the outputs being polarized
parallel to the first and second pump pulses, respectively.
Peak B1 can be associated with curve b of Fig. 5, and curve
B2 with curve c of the same figure.
Having established the existence of two regimes of inter-
pulse delay in both the experiment and the numerical calcu-
lations we will now focus on the underlying physics. When
the interpulse delay is long as in Fig. 7, the first output pulse
has completed its full evolution by the time the second pump
pulse arrives. The power associated with the tail of the first
output pulse is thus comparable with the spontaneous-
emission flux that is emitted by the still partially excited gain
medium. The output pulse following the second pump pulse
thus has to build up from the noise just as the first pulse. The
increased output level of the second pulse is caused by the
fact that the first pulse has not fully depleted the excitation
generated by the first pump pulse @see Fig. 7~b!#. Conse-
quently, the second output pulse can profit from this remnant.
Obviously, for this picture to apply the interpulse delay
should be small as compared to the spontaneous-emission
lifetime. In the present experiment the time scales are such
that this condition is fulfilled.
An interesting aspect of Fig. 7~b! is that it shows the
coupling of the effective gain functions K(t) ~solid line! and
M (t) ~dashed line! for the horizontally and vertically polar-
ized outputs, respectively. The large initial value of K(t)
gives rise to a relatively fast buildup of the horizontally po-
larized signal field. This field depletes the inversion, affect-
ing both gain functions K(t) and M (t). This coupling of the
gain functions originates from the fact that any dipole in the
distribution N(u ,t) contributes, with different weight factors,
to both gain functions. When any dipole disappears out of
the angular distribution of the inversion N(u ,t), both K(t)
and M (t) decrease.
For short interpulse delay the evolution of the first signal
pulse is not yet complete ~as in Fig. 8!. Now the first signal
pulse can profit from the extra inversion supplied by the
second pump pulse. This is well visible in Fig. 8~b! where
the second pump pulse arrives at a time when the first signal
pulse is effectively depleting its gain K(t), represented by
the solid line. Instantaneously, this gain function gets a ~rela-
tively small! boost, but now gain and signal field are large
simultaneously, resulting in a big boost of the output and
very efficient depletion of the gain K(t). Interestingly, the
gain M (t) for the initially nonlasing polarization has become
quite large as a result of the two pump pulses, but it is ‘‘sym-1-6
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ing value of M (t) is just sufficient to generate a compara-
tively weak vertically polarized output pulse. This second
pulse is smaller than the reference value of Fig. 7 because the
gain it experiences during buildup has partially been re-
moved by the first pulse.
In the results presented so far the polymer laser emits two
signal pulses, one for each polarization channel. This holds
for almost all values of the interpulse delay. However, for
values of this delay slightly larger than that of Fig. 8 the
decaying first signal pulse is revived by the second pump
pulse. A double pulse appears in the channel corresponding
to the polarization of the first pump pulse followed by a
single signal pulse in the other output channel. A time-
domain measurement on the double pulsed output is shown
in Fig. 9. The physics here is the same as that discussed in
the framework of Fig. 8.
Just like the output boost of the signal in Fig. 8, the re-
vival of the signal pulse in Fig. 9 is driven by a pump pulse
of the wrong polarization. After the second pump pulse, the
gain anisotropy strongly favors the nonlasing polarization
mode. However, the latter contains very few photons in con-
trast to the lasing polarization mode; the result is highly ef-
ficient stimulated emission in the lasing polarization mode
and normal ~slow! buildup of the polarization mode that had
been nonlasing so far. A memory effect similar to the one
observed here has been observed in polarization-switching
CW-driven VCSELs @33#. In that case the memory effect
expresses itself as hysteresis of the lasing polarization across
the polarization switch point.
An important property of our polymer gain material is
that the pump-induced gain anisotropy relaxes so slowly that
this relaxation can be neglected, considerably simplifying the
analysis. If, instead, we would have studied a standard laser
dye in a low-viscosity solvent we would not have been al-
lowed to make such a simplifying assumption. For instance,
for Coumarin 153 ~a dye that photoluminesces in the same
spectral region as our polymer! dissolved in methanol, the
dipolar reorientation time at room temperature is ’35 ps
@11,24#. This reorientation time is of the same order as the
buildup time of the signal pulse in our laser under the pre-
vailing pumping conditions. In that case there is appreciable
relaxation of the gain anisotropy during the buildup time, but
the relaxation is too slow to follow the ~anisotropic! deple-
FIG. 9. Measurement of the pulse shape of the horizontally po-
larized output for an intermediate value of the delay (’80 ps)
between the horizontally and vertically polarized pumps. The verti-
cally polarized pump pulse arrives at t50.05382tion of the gain when the signal pulse is really strong. The
result is that the first signal pulse experiences reduced gain
because of the reduced anisotropy, and that the excitation is
less effectively depleted. This leads to the conclusion that the
enhancement/suppression in the limit of short interpulse de-
lay will be reduced. For long interpulse delay the second
signal pulse can considerably profit from the remaining ex-
citation that has become completely isotropic during the in-
terpulse delay. Consequently, the enhancement of the second
output pulse will be larger in this limit. This reasoning shows
that for intermediate relaxation times of the gain anisotropy,
the physical picture of the polarization cross-coupling gets
more complicated. In the limit that the reorientation time is
sufficiently fast that it can follow the gain depletion, the gain
has become effectively isotropic at all times; in that limit the
polarization properties of the laser will be mainly determined
by unintended cavity anisotropies.
VI. TIME-INTEGRATED OUTPUT
The discussion of the previous sections provides an excel-
lent framework to understand our experimental results on the
time-integrated signals in the horizontal and vertical output
channels as shown in Fig. 6. For the remaining discussion we
will restrict ourselves to positive values of the delay, where
the horizontal pump pulse precedes its vertical partner. In
that case the reference value is given by the level of the
horizontal output at long delay, as in Figs. 5~a! and 7~a!.
Figure 6 shows the enhancement of the vertical output at
long delay and that of the horizontal output at short delay. It
also shows that at short delay, the vertically polarized output
is suppressed. For the pump strength of Fig. 6 ~normalized
pump parameter r51.6), the switch point lies at a delay of
about 60 ps.
Clearly, the overall features of these time-integrated data,
i.e., suppression/enhancement, the existence of a switch
point where the time-integrated output in both channels are
equal, will persist when the laser is driven closer to or further
above threshold. This is indeed the case, as shown in Fig. 10,
where the time-integrated output in both channels as a func-
tion of pump delay is plotted for values of the pump param-
eter equal to r51.2, 1.6, and 6. For increasing pump strength
one sees that the switch occurs at shorter and shorter delay,
and that the difference in output level at long delays gets
smaller. These experimental results are fully corroborated by
the time-integrated results of our rate-equation model as pre-
sented in Fig. 11. The underlying physics is that when the
pump parameter is increased the pulses get more powerful
while their buildup time decreases. Consequently, the gain
will deplete more fully and at an earlier time. The boundary
between the regimes of short and long interpulse delays,
roughly given by the end of the first emitted pulse, thus also
shifts to earlier times. For large values of the pump param-
eter and large interpulse delay the first emitted pulse will so
effectively deplete the gain that the remainder is exceedingly
small. This applies to both the gain functions K(t) and M (t).
The second pump pulse will now generate a gain that is
essentially the same as that available to the first pulse @see
Fig. 11~c!#. The labels A1,2 and B1,2 as indicated in Fig. 11~b!1-7
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8, respectively.
The switch occurs when the time-integrated outputs in
both polarization channels are equal. At that value of the
interpulse delay the second pump pulse excites the gain me-
dium just when the first output pulse has extinguished. This
value of the delay thus provides a convenient measure for the
buildup and decay of a single pulse from such a microlaser.
Therefore, the time-integrated signals allow us to get a value
of a characteristic time much shorter than the response time
of the measurement instruments that are used. The switch
also tells us the maximum pulse repetition rate with which
FIG. 10. Measurement of the time-integrated outputs of the
horizontally ~solid line! and vertically ~dashed line! polarized
components as a function of the interpulse delay for values of the
normalized pump parameter equal to r51.2 ~a!, r51.6 ~b!, and
r56 ~c!.
FIG. 11. Results of a numerical simulation of the horizontally
~solid line! and vertically ~dashed line! polarized time-integrated
outputs for values of the normalized pump parameter equal to r
51.2 ~a!, r51.6 ~b!, and r56 ~c! as a function of the delay time
between the pump pulses. Positive delay corresponds to the hori-
zontally polarized pump pulse arriving first.05382this laser can be driven so that it delivers well-separated
output pulses, free of a CW background.
VII. CONCLUSION
A polymer microlaser driven by two mutually delayed,
orthogonally polarized, femtosecond pulses has a pulsed out-
put in the two polarization modes defined by the polarization
of the pump pulses. These two output pulses show strong
cross-coupling with a remarkable dependence on the inter-
pulse delay. The basis for this interesting behavior lies in the
pump-induced gain anisotropy ~the dominant anisotropy in
the microlaser! and the very different time scales of our poly-
mer microlaser. These are the duration of the pump pulse
(’0.1 ps), the buildup and decay of the intracavity field
~10–100 ps, depending on the pump energy!, the
spontaneous-emission lifetime of our fluorophore (’1 ns),
and the dipolar orientational relaxation time (.1 ns). An
important property of the polymer is that the latter time is
unusually long, considerably simplifying the physical
picture.
We distinguish two regimes; for short delay the second
pump pulse arrives at the moment when the signal field in
the cavity, resulting from the first pump pulse, is still large.
For long delay the second pulse arrives at the moment when
the field resulting from the first pump pulse has become neg-
ligibly small, but some excitation may still be present in the
gain medium. The existence of these regimes fully explains
the observation that the dominant output polarization of the
microlaser switches direction when the interpulse delay is
scanned.
For small interpulse delay the field that is already present
in the cavity benefits immediately from the fresh inversion
that is provided by the second ~orthogonally polarized! pulse.
In contrast, the other polarization mode still needs to build
up from the spontaneous-emission level. As a result, the lat-
ter experiences less gain and is, therefore, suppressed in this
regime. For long delay, however, no field resulting from the
first pump pulse is left when the inversion is boosted by the
second pump pulse. In that case, the second output pulse
profits from the excitation left by the first pump pulse and is,
consequently, enhanced. The existence of these two regimes,
a direct result of the specific order of the various time scales
in the microlaser, forms the physical basis for the cross-
coupling effects that we discuss in this paper.
An attractive aspect of our configuration with orthogonal
pump pulses lies in the fact that the effect of the individual
pump pulses on the laser output can be easily separated by
measuring both polarization components separately. In this
way much more information on the dynamics can be re-
trieved as compared to the case where two pump pulses with
parallel polarizations were used.
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